Prolinamides with double-H potential were prepared and employed as organocatalysts in asymmetric aldol reactions. The catalyst with adamantane showed improved catalytic activity, which was further enhanced by using brine as the solvent. A series of aldol reactions in brine at 0 C provided good yields (up to 98%) with high diastereoselectivities (>99 : 1) and enantioselectivities (>99%). The prepared catalyst was adsorbed by a nanofibrous film of poly(AN-MA-b-CD) via host-guest interaction in the reaction system. The catalyst was separated from the film by applying ultrasound, with a total recovery of 96.2%. The catalyst was reused up to five times without a significant change in diastereoselectivity and enantioselectivity.
Introduction
Asymmetric aldol reactions play an important role in carboncarbon bond forming reactions. The design and synthesis of small molecule organocatalysts based on L-proline have been given considerable attention aer List and co-workers reported the L-proline-catalyzed direct aldol reaction.
1 In the L-prolinecatalyzed reaction, the necessity of using the carboxylic acid of proline remains unclear. Since Tang and co-workers reported prolinamide-catalyzed aldol reactions of 4-nitrobenzaldehyde with acetone, 2 effective organocatalysts have been developed based on proline to afford facile atom economic access to optically pure compounds. 3 In 2010, Moorthy demonstrated the use of double-H potential catalysts based on L-proline and ophenylenediamine to catalyze the aldol reaction of p-nitrobenzaldehyde with cyclohexanone in DMF in the presence of TFA with desirable yield (94%), stereoselectivity (>98%), and diastereoselectivity (97 : 3). 4 Yang et al. used benzyl chloride instead of nitrobenzene sulfonic acid to synthesize prolinamide catalysts, which resulted in faster reactions with good diastereoselectivity in brine at room temperature.
3 Nonetheless, the asymmetric reactions are usually conducted in organic solvents, such as DMF, DMSO, PhMe, and MeCN. To promote the use of environmentally friendly solvents for catalytic reaction, inorganic systems are desired as solvents. 5 Switching organic solvents to water offers low cost, safety, and environmentally benign nature. 6 Since Breslow reported that the acceleration of Diels-Alder reaction in water, there is a surge of interest in using water as reaction medium.
7
Recycling catalysts decreases the consumption of auxiliary substances in obtaining pure catalyst, leading to signicant economic and environmental benets. 8 To realize recyclability of catalyst, researchers have focused on immobilizing catalysts on diverse solid supports. 9 So far, nanoparticles and polymers have been used support, from which catalysts can be recovered and reused aer centrifugation, magnetic decantation or ltration. 10 However, a general and conventional method for immobilizing different types of organocatalysts considering stability, reactivity, and recyclability of the obtained heterogeneous materials has not been established. 11 Moreover, supported catalysts for heterogeneous catalysis generate poor yield and stereoselectivity. Compared with supported heterogeneous catalysts, homogeneous ones provide many advantages in catalytic reaction. Nevertheless, recycling catalysts has obvious shortcomings, such as large consumption, difficult separation, and high cost. Hence, the concept wherein reaction is conducted in homogeneous medium and catalyst is recovered in heterogeneous system is highly benecial to the development of environmentally friendly catalytic reactions. The design of selfassembled aggregates that employ host-guest interactions choosing geometrically complementary host and guest molecules is an important method of physical adsorption.
12 Previously, we reported that assembly and separation of small organic molecules were driven by adamantane and b-cyclodextrin (b-CD) via host-guest interaction. 13 The recovery of organocatalysts via host-guest interactions could solve a traditional problem regarding heterogeneity of solid-supported catalyst. 14 We reported the aldol product of p-nitrobenzaldehyde with cyclohexanone in toluene at -20 C was separated by a-CD from the reaction system in Scheme 1. 15 However, a-CD being easy to dissolve in water is to the disadvantage of the overall recycling of the product. Therefore, the developing the water insoluble a-CD or b-CD is of the essence.
Herein, we synthesize adamantine-modied catalysts separated by supported b-CD via host-guest interaction. Ophenylenediamine catalysts with double hydrogen potential based on L-proline or trans-4-hydroxy-L-proline were synthesized to catalyze aldol reactions of ketone and aldehyde (Fig. 1) . Prolinamides with 1-adamantane carboxylic acid could improve the catalytic activity by replacing benzoic acid. Improved results were obtained by switching the solvent to an inorganic system. The brine was used as medium at 0 C for catalyzing the aldol reaction of aldehyde and ketone, resulting in excellent yields with good stereoselectivity and diastereoselectivity. b-CD-modied polymer (poly(AN-MA-b-CD)) was synthesized by using co-polymer (poly(AN-MA)) and b-CD, and then nanobrous lm was prepared by electrospinning. A owchart of catalyst separation from the lm is described in Scheme 2. Aer each run, the catalyst could be adsorbed by the lm via host-guest interaction in the reaction system and separated by washing with MeOH under ultrasound from the lm.
Results and discussion

Asymmetric aldol reaction
Initially, we employed chiral prolinamide catalysts 1a-1d to screen the direct aldol reaction of p-nitrobenzaldehyde with cyclohexanone at room temperature (Scheme 2). A series of experiments were then performed under different reaction conditions (different catalysts, loading, and solvents). The results are summarized in Table 1 . In the beginning of the experiment (Table 1 , entries 1-4), the reactions were catalyzed by different prolinamides (10 mol%) at room temperature for 36 h in DCM. Interestingly, all catalysts provided the desired aldol products with good yields. The aldol reactions in the presence of prolinamides 1a and 1b generated 69% and 77% of enantioselectivity (Table 1, entries 1 and 2) . When used to catalyze the aldol reaction of 4-nitrobenzaldehyde and cyclohexanone, compounds 1c and 1d afforded good yields with higher diastereoselectivity and enantioselectivity than 1a and 1b. This result may be due to replacement of benzoic acid with the large steric hindrance of adamantane. Compared with compound 1c, the desired product was formed in 91% yield with 89% stereoselectivity when catalyst 1d was employed (Table 1 , entry 4). Compared to results reported respectively by Moorthy' and Yang' research groups, the catalyst 1d improves the catalytic activity. Our group have reported that the adamantine provided by 4-substitution position based on Lproline played an important role in diastereoselectivity and enantioselectivity. 15 In addition, catalysts with adamantyl group were employed in other asymmetrical reactions provided good diastereoselectivity or enantioselectivity.
14,16 Although catalyst loading was varied from 10 mol% to 30 mol%, no further improvement in diastereoselectivity and enantioselectivity was observed (Table 1 entries [4] [5] [6] . Poor diastereoselectivity was obtained at low catalyst loading of 5 mol% or 2 mol% (Table 1, entries 7-8) . Considering that the catalyst 1d of 10 mol% afforded a good conversion with desirable diastereoselectivity and enantioselectivity, entry 4 was selected as an optimal reaction. Compound 1d of 10 mol% was employed as catalyst in nine solvents with different polarities at room temperature for 36 h of reaction under vigorous stirring. The aldol reactions being conducted in nine solvents investigated showed no signicant change in yield (from 90% to 96%) and diastereoselectivity (from 96 : 4 to 99 : 1). However, the stereoselectivity was signicantly inuenced on ranging from 82% (MeOH) to 95% (brine). Among the seven other organic solvents, high stereoselectivity (91%) was obtained when THF was used as solvent (Table 1, entry 9). Compared with organic solvents, the inorganic medium was found to be superior in terms of stereoselectivity. For example, brine provided the best stereoselectivity of the aldol product (95%) to proved itself be the best (Table 1 , entry 16). Therefore, brine was employed as solvent in further study.
To optimize the reaction conditions, we determined the effect of acid additive 17 and reaction temperature. 18 The most relevant results were detailed in Table 2 . As indicated by entries 1-5 in Table 2 , 10 mol% organic acid (such as 4-nitrobenzoic acid, benzoic acid, triuoroacetic acid, acetic acid and methanolic acid) was added to the reaction in brine at room temperature for 36 h. When the reactions were carried out in the presence of an organic acid, the yields were slightly improved, while diastereoselectivity and stereoselectivity showed no signicant differences. A high efficiency was obtained when no additive was added to the reaction mixture (Table 2, entry 6). In Scheme 2 Illustration for recyclability of catalyst. an effort to improve the catalytic activity, the reaction temperature further was investigated. By lowering the reaction temperature to 10 C, the reaction went smoothly to form the desired aldol product without signicant change in diastereoselectivity and stereoselectivity. A further reduced of the reaction temperature to 0 C, a slight increase of stereoselectivity was observed. Lengthening reaction time to 48 h drove the reaction towards completion (yield 98%). Entry 9 was performed under the optimized reaction conditions. Aer determining the optimal reaction conditions, we further explored the substrate scope of aldol reactions; the results are summarized in Table 3 . In the initial experiment, aldol reactions of cyclohexanone with different aldehydes were investigated at 0 C. Satisfactorily, reactions gave the desired products in good yields with high diastereoselectivity and enantioselectivity. Benzaldehydes substituents with different electronic characters were studied, including electronicwithdrawing (NO 2 , CN, CF 3 , Cl, Br and F), electronic-neutral (H) and electronic-donating (OCH 3 and CH 3 ) groups. Aromatic aldehydes with ortho-, meta-, and para-substituents generated aldol products with similar yields. Aromatic aldehydes with strong electronic-withdrawing group underwent aldol reactions to provide the corresponding products in excellent yields with high diastereoselectivity and enantioselectivity (Table 3 , entries 1-7). Moderate conversions were obtained by benzaldehydes with weak electronic-withdrawing and electronic-neutral groups (Table 3 , entries 8-16). Compared to benzaldehyde, 2-naphthaldehyde provides poor diastereoselectivity and enantioselectivity. Aldehydes with electronic-donating were found to have very low reactivity and generated aldol products in <10% yield (Table 3 , entries [17] [18] [19] . Ketone with different substituents were then investigated. In contrast to the aldehyde substrates, poor diastereoselectivity was produced by cyclopentanone (Table 3 , entry 20). When 2-butanone as reagent led to the formation of regioisomers, three pairs of enantiomers were obtained with poor enantioselectivities (Table 3 , entry 21). Inuenced by water hydrolyzing and steric hinderance, 2-butanone was easily transformed into stable carbanion. Therefore, the aldol product with one pair of enantiomer was dominant of 3-pentone. The aldol reaction in the presence of acetone also provided moderate yield with poor enantioselectivity (Table 3 , entry 22).
Enantioselectivities of large-scale asymmetric aldol reactions were reduced because a lot of aldehyde did not dissolve in brine under unevenly stringing. 
FTIR analysis
To conrm the composition and graing, polymers were studied by FTIR spectroscopy (Fig. 2) . A FTIR spectrum for poly(AN-MA) is shown in Fig. 2(a) . Fig. 2 (a) exhibits peaks at 2940 and 2240 cm À1 , which were attributed to asymmetric C-H stretching from (-CH 2 -) n and asymmetric C-N stretching from cyano group. The characteristic peak of cyano group could be observed in Fig. 2(b) and (c). The broad peak at 3340 cm À1 was the symmetric -OH stretching from b-CD molecule in Fig. 2(b) , which could prove that b-CD was graed on the polymer surface. In Fig. 2(c) , the characteristic peaks of benzene framework vibration peaks can be observed at 1523, 1453, and 1412 cm
À1
. These bands, however, are not present in Fig. 2(a) and (b) . Thus, the catalyst could successfully bind into poly(AN-MA-b-CD).
SEM analysis
Typical SEM images of nanobrous lms of poly(AN-MA-b-CD) are shown in Fig. 3 . It could be clearly seen that the membranes were composed of numerous and randomly oriented nanobers. When the mass fraction of poly(AN-MA-b-CD) in DMF was <20%, a brous membrane was not formed. At mass fraction of >36%, poly(AN-MA-b-CD) did not dissolve in DMF in a short time. The SEM images showed that this membrane feature was affected by the mass fraction from 20% to 36% (Fig. 3) . Fig. 3(a) and (b) showed that the nanobrous lm have an average diameter of exceed 1 mm. With further reduction in the mass fraction, the diameter of the resulting brous membranes (Fig. 3 (c) -(e)) had decreased. In particular, Fig. 3(c) and (d) respectively show an average diameter of about 440 nm and 430 nm with smooth surfaces. At mass fraction of 20%, the average diameter of the lm was approximately 160 nm with smooth surface (Fig. 3(e) ). In general, 20% poly(AN-MA-b-CD) formed plentiful brous membranes. Compared with Fig. 3(e) , the result in Fig. 3(f) showed coarser surfaces and larger diameter.
Recyclability of catalyst
In the next moment, we further evaluated the recyclability of the catalyst in the direct aldol reactions. According to related reports, benzene and adamantane can be recovered by CD via host-guest interaction. 12 The reaction of cyclohexanone with m-nitrobenzaldehyde was selected as a model for assessing the recyclability of catalyst because m-nitrobenzaldehyde with steric hindrance did not easily turn into the b-CD cavity and adamantine-modied catalyst was recovered by brous membrane via host-guest interaction from the reaction medium. The recycling process of catalyst is shown in Scheme 2. The adsorption rate of catalyst in mixture of MeOH/H 2 O 98.5%, and the separation rate from the brous membrane was 97.7%. Therefore, the total recovery rate was 96.2%. The relevant results about recyclability of catalyst are summarized in Table 4 . In the rst three recycles, conversions were above 95% with excellent diastereoselectivities and enantioselectivities under the same reaction time. Prolonging the reaction time could also provide good yields with desirable diastereoselectivities from the third cycle. In the sixth run, the yield was 92% with ee value of 92%. As shown in Table 4 , the catalyst can also be reused for up to ve times without showing significant change in diastereoselectivity and enantioselectivity.
Conclusions
In summary, organocatalysts based on L-proline or trans-4-hydroxy-L-proline with double-H potential were synthesized. Catalyst 1d (10 mol%) demonstrated very efficient performance for catalyzing direct aldol reactions. The use of brine as solvent afforded aldol products in excellent yields (up to 98% yield) with high diastereoselectivity (>99 : 1) and enantioselectivity (>99%). A nanobrous lm of 20% poly(AN-MA-b-CD) was formed by electrospinning and characterized by FTIR and SEM analyses. Aer each run, the catalyst adsorbed on the lm via host-guest interaction in the reaction system and then separated from the lm using ultrasound. The total recovery rate of the catalyst was 96.2%, and the catalyst could be reused for up to ve times without exhibiting signicant change in diastereoselectivity and enantioselectivity.
Experimental
General procedure
All chemicals were used as received unless otherwise noted. All reagents were purchased from J&K or Sigma-Aldrich Chemical Co. and were used without any further purication. Solvents were dried according to standard procedures. Reactions were monitored by thin-layer chromatography (TLC) carried out on silica gel 60F254 plates. Flash column chromatography was performed using silica gel (200-300 mesh, Qingdao Haiyang Chemical Co.). Synthesis of catalysts: the catalysts were prepared according to previous works 3, 4 To a ask containing o-phenylenediamine (1.08 g, 10.0 mmol, 1.0 equiv.) dissolved in dry CH 2 Cl 2 (30 mL) at 0 C, and 
The preparation of poly(AN-MA-b-CD)
The poly(AN-MA-b-CD) was prepared according to previous works in our group. A large of distilled water was added and solid was precipitated.
The solid was washed with distilled water another three times and dried at vacuum oven for overnight to give poly(AN-MA-b-CD) 11.03 g.
The preparation of brous lm
The poly(AN-MA-b-CD) dissolved in DMF was changed into brous membrane by electrospinning, and the preparation owchart of brous membrane was shown in Scheme 2. 20 The electrospinning solution was moved into the 5.0 mL injector with a stainless-steel needle of inner diameter about 1 mm, and the distance from the needle to the receiving plate was adjusted to 15-18 cm. Fibrous membrane was collected on aluminium foil with a liquid ow rate of 1.0 mL h À1 and a voltage of 15.4 kV.
Aer 4 h of continuous electrospinning, aluminium foil was placed into the oven at 40 C for 6 h.
General procedure for asymmetric aldol reaction
The following procedure for the reaction of cyclohexanone with p-nitrobenzaldehyde in brine using catalyst 1d was representative. To a mixture of catalyst 1d (18.4 mg, 0.05 mmol) and pnitrobenzaldehyde (75 mg, 0.5 mmol) in brine (1 mL) was added under air in a closed system. The reaction mixture was stirred at 0 C for 15 min, and then cyclohexanone (10 equiv.) was added.
Aer the reaction mixtures were stirred for 48 h, the mixtures were quenched with 2 M ammonium chloride solution and extracted with ethyl acetate. The organic layer was dried over Na 2 SO 4 , ltered, and concentrated to give pure aldol product aer ash column chromatography (silica gel, petroleum ether/ ethyl acetate ¼ 3/1). The product was a light yellow or white solid. The absolute conguration of aldol products was extrapolated by comparison of the HPLC-data with known literatures.
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